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Abstract

Color coherence effects in pp collisions are observed and studied with CDF,
the Collider Detector at the Fermilab Tevatron collider. We demonstrate these
effects by measuring spatial correlations between soft and leading jets in multi
jet e;/ents. Variables sensitive to interference are identified by comparing the
data to the predictions of various shower Monte Carlos that are substantially
different with respect to the implementation of coherence.
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I. INTRODUCTION

(‘olor coherence phenomena have been clearly observed in ete™ collisions [1, 2]
and thoroughly examined from a theoretical point of view [3]. Owing to difficulties
in detecting unambiguous effects in the data, however, we still lack significant ex-
perimental élle(:ks in pp collisions. Here, we report the first direct evidence for such
effects observed in a hadron collider experiment, using 4.2 pb~! of data collected by
the Collider Détector at Fermilab (CDF) during the 1988-89 run of the Tevatron
collider.

The most striking consequence of color coherence phenomena in QCD is given
by the inhibition of soft radiation emission [4]. One way in which this interference
manifests itself, is the so called string effect [1,‘ 2, 3], whereby the amount of soft
radiation emitted in the region between the two quark jets in a ete~ -—>.3—jet event
is suppressed with respect to the region between the quark and the gluon jets. This
effect is understood as the result of destructive interference between amplitudes with
soft gluons emitted by color connected partons. Fig. 1 serves to clarify this point.
The lines connecting the two quarks with the gluon represent the flow of the color
charges involved in the process, and can be identified as antennas for the emission of
additional color radiation. QCD predicts that these antennas behave approximately
like standard dipoles, and therefore the radiation is concentrated mainly in the two
regions towards which the antennas are pointing.

Similar graphs can be obtained for any QCD hard process, in particular for
hadronic collisions where initial state colored partons are involved. Depending on
the details of the hard scattering, different color flows are involved, and several color

patterns can contribute to the same process. The multitude of possible color flows



participating in a hadronic process makes it very hard to identify a characteristic
emission pattern. [Until now, this has been one of the two major obstacles in obtain-
ing compelling experimental evidence for these phenomena. The other obstacle that
has prevented the identification of a clear signal is the difficulty of separating the
contribution of soft particles produced by the underlying event: whilst these are ex-
pected to be distributed, on average, isotropically in azimuth (¢) and pseudorapidity
(n = — log(tand/2)), event by event fluctuations in their distributions will bias any
attempt to identify intrinsic asymmetries of the soft radiation produced in the hard
scattering.

In this article, we show how it is possible to overcome both of these difficulties.
We use the high energies available at the Tevatron to select events where the energy
of the leading jets is so large that soft radiation is hard enough to form secondary jets.
The spatial correlations between these secondary jets and the leading ones will give
us variables similar to those used in the study of the string effect in ete™ collisions.
A systematic comparison of the results with the predictions of some of the available
theoretical calculations based on shower Monte Carlo generators will give evidence
that what we are observing is indeed the result of color coherence. Preliminary results
of this analysis have already been reported [5]. Preliminary results have also been
presented recently by the DO collaboration [6].

The outline of the paper is as follows: in Sec. II we cover in more detail the
physics ideas underlying this measurement; we review the way different theoretical
calculations incorporate these ideas and introduce the variables that will be used
in the present analysis. In Sec. III we describe the triggers and the data selection

criteria. Here we will also describe the generation of the Monte Carlo samples used for



the comparison of the data with the theoretical expectations. In Sec. [V we present
and compare the data to the Moute C'arlo results. In Sec. V, finally, we report the

conclusions.
II. CONSTRUCTION OF VARIABLES SENSITIVE TO COHERENCE

As mentioned in the Introduction, color coherence leads to a suppression of soft
gluon radiation in certain regions of phase space. Theoretical studies [4] show that
these effects can be implemented in a shower Monte Carlo evolution by properly
constraining the phase space allowed for the emission. In the case of final state showers
(time-like evolution), this is achieved by requiring the emission angle in subsequent
branchings to be decreasing and the radiation to be limited to lie within cones defined
by color flow lines. This prescription is shown in Fig. 2, and is known as angular
ordering.

Final state coherence is included in the shower Monte Carlos HERWIG [8] and
PYTHIA [9], but is absent in ISAJET [10]. Monte Carlo programs including coherence
via angular ordering in final state cascades have been extensively and successfully used
to describe features of the experimental data in ete~experiments [1, 2].

The phase space constraint in the case of radiation from an incoming initial state
parton (space-like evolution) is slightly more complicated [11], but still amounts qual-
itatively to an angular ordering, with emission angles increasing as one moves from
the initial hadron to the hard subprocess. A memory is retained of the s‘hower initia-
tor direction, even after many branchings. So far, HERWIG is the only program to
fully include this kind of coherence.

In addition to constraining the independent evolutions of space-like and time-like



showers. color coherence gives a prescription for the emission of the first gluon from
initial and final state partons [8. 12]. This prescription is required in order to provide
the correct boundary conditions for the evolution of the initial and final states. We
will consider as an example the case of 2 — 2 scattering. Each contributing process is
decomposed into the various possible color flow configurations. In the approximation
that neglects suppressed interference terms [7, 8, 12], all of the color configurations
for the 2 — 2 process add incoherently to the total scattering probability. Then, each
color coufiguration defines radiation cones in which partons can emit, following the
angular ordering constraint defined for time-like showers. An explicit example is given
in Fig. 3. In this particular example, the color lines flow from the initial to the final
state partons, creating asymmetries in the structure of the observed soft radiation
that are unique to collisions involving hadrons in both the initial and final states.
These initial-final state color interference effects cannot be found in e*e~ reactions,
and have not been observed so far. PYTHIA includes these interference effects at the
non-perturbative level via string fragmentation, but only HERWIG takes them into
account within the perturbative evolution.

[n this study, we intend to concentrate on observables which emphasize these
initial-final state coherence effects and which allow us to disentangle them from the
more standard final state coherence, already observed and tested in ete™ physics.
Consider Fig. 4, which shows the spatial distribution of radiation for the hard 2 — 2
scattering displayed in Fig. 3. In this example, the emitting antenna .is the line
connecting partons 1 and 2. We define regions A and B, respectively, as the allowed
emission cones for parton 1 and 2 as defined by the angular ordering prescription. The

two cones overlap in region C, which is therefore a region of unsuppressed radiation.



In the region complementary to A and B the soft emission is forbidden.

Smaller scattering angles in the laboratory frame, 8, correspond to tighter phase
space constraints. Our ignorance of the color topology prevents us from unequivocally
determining the restriction cones for each observed event. Therefore, the aim is to
identify variables that preserve some amount of the statistical correlations introduced
by the restriction cones. Notice that, because of transverse momentum conservation,
if the gluon forming the additional jet is emitted in region B, the jet recoiling against
parton 2 will become the leading- Er jet of the event. Parton 2 and the emitted gluon
will, therefore, most often form the second- and third-Er jets of the event. This
suggests considering correlations between the directions of the second and third jet
in the event.

We will measure the spatial distribution of the third jet around thé second one
pseudorapidity, An = n; —n,, and the distance in the azimuthal

gle out the region
o <

(&2
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(13, I4] with cone radius R, = 0.7. the circular region of radius R... in the
(|Ao|, AH) space around the second jet axis is forbidden to other jets. Therefore.
a set of “polar” variables turns out to be useful. We define R = \m
and « = atan(AH/|Ad|) as our variables of choice. The vartable R is the distance
between the third and second jet in the (7, ¢) space. The variable « is the polar angle
in the (|A¢|, AH) space.

In Fig. 6 the regions A, B, and C of Fig. 4 are mapped on the («, R) space.
The black region on top is forbidden by the limits |A¢| < 7, while the straight line
at R = R.ne = 0.7 shows the boundary around the second jet axis, generated by
the clustering algorithm. Limits imposed by the CDF calorimeter acceptance are
not shown. The figure illustrates the boundaries imposed by the angular ordering
restriction for the case of 8, = 85°.

We then expect the distributions of variables such as a and R to be sensitive to
the phase space constraints imposed by the color interference.

In conclusion, we plan to use the o and R variables to exhibit color coherence.
We will also study the absolute pseudorapidity of the third jet, 3. Color coherence
is expected to broaden the 73 distribution, increasing the probability of having third
jets at large pseudorapidities. This is because the coherent emission “remembers” the

first prong of the radiating antenna, that is, the beam line.
I1I. THE DATA AND THE MONTE CARLO SAMPLES

A. The Data Sample
The CDF detector has been described in detail elsewhere [15].

The data were collected using a single-jet online trigger, which required at least



one cluster of transverse energy £, = Esinf greater than a threshold of 60 GeV.

The uncorrected energy of a jet is defined by the clustering algorithm [14] as the
scalar sum of the measured energies in the electromagnetic and hadronic compart-
ments within a cone around the cluster centroid. The momentum of the cluster is
calculated by assuming that the energy in each calorimeter tower belonging to the
cluster is deposited by a massless particle hitting the center of the tower.

The measured energy and momentum of each jet are corrected, on average, for
detector effects: degradation of the measurement due to calorimeter non-linearity,
uninstrumented regions of the detector and bending of charged particle tracks in
the CDF 1.4 T solenoid magnetic field in the central region. The absolute energy
response is derived [17] from Monte Carlo jets generated in the central region and
processed through a full detector simulation. The average energy degradation is 17%
(12%) at 35 (300) GeV. The Monte Carlo program is tuned to reproduce (a) the
charged particle fragmentation of jets observed in the data and (b) the calorimeter
response to single charged pions and electrons (measured in a test beam) and to single
isolated charged particles in the data from pp collisions. The true jet energy (E)
and momentum (p) are defined as the total energy and momentum of all the particles
(leptons, photous, and hadrons) emerging from the primary vertex within a cone of
fixed radius R.ne around the cluster centroid. No attempt is made to reconstruct
the energy of the parton from which the jet originates, e.g. no corrections are applied
to account for energy lost out of the clustering cone or to account for the underlying
event. Our energy scale corrections are intended to produce an unbiased estimate of
the true jet 4-momentum (E, p), defined above. To measure the relative response of

the detectors at large pseudorapidity, jet pr balancing is used. The method is fully



described in references [17], [18].

The cosmic ray background is rejected with criteria described in reference [19].
Eveuts with a significant missing transverse energy are rejected if one of the two
leading jets has an electromagnetic fraction smaller than 0.05 or greater than 0.95.
The missing transverse energy significance is calculated as (M ET)? = [(EErsing)* +
(S Ercosd)?|/(£ET), with Er measured in GeV, and is required to satisfy M ET > 6.
The Er-sums include only the energy that has been clustered into jets.

The criteria for the event selection are listed below,

1. The event vertex along the beam line is required to be within 60 cm of the

center of the detector.

2. The two leading jet axes (i.e., those with the highest transverse energies) are re-
quired to be in the pseudorapidity ranges |}, [n2] < 0.7. Coherence effects are
expectedlto increase for smaller scattering angles. However, this selection en-
sures that the two leading jet cores are well contained in the central calorimeter,
that has the best energy resolution. Fluctuations in the energy measurements

smear the coherence effects [20].

3. ||¢1 — @2| — m| < 20°; the two leading jets are required to be back to back
within 20° in the transverse plane. This is a loose cut to select events with soft
radiation, which are well described in the approximation of the shower Monte

Carlos.

4. The measured transverse energy of the first jet in the event, F7,, is required to
be large enough such that it is free of biases introduced by the trigger threshold.

The corrected E7; threshold above which our data selection is fully efficient is



[10 GeV. This 100% etficiency point is measured through the use of lower trigger

threshold data.

. The presence of a third jet is required. In order to avoid the possible background

it

due to underlying event fluctuations, the third jet corrected transverse energy,

E'rs, is required to be greater than 10 GeV.

6. This last selection requirement is applied only for the study of the a variable: a
rectangular region of uniform acceptance in the scatter plot « versus R (Fig. 6)
is chosen by requiring that 1.1 < R < m. The former condition removes the
sharp rise due to the clustering algorithm, whilst the latter condition discards

the upper region of the o dependent acceptance.

B. The Simulated Samples

We use different shower Monte Carlos to generate jet events that are subsequently
processed by the CDF detector simulator.

The Monte Carlo HERWIG (version 3.2) imposes proper phase space constraints
on soft emissions from any kind of color antenna, including those spanned between
the initial and final states (initial-final state antenna).

The Monte Carlo ISAJET (version 6.25) does not implement angular ordering in
the initial or the final state radiation.

The Monte Carlo PYTHIA (version 5.6) imposes proper phase space constraints
only on soft emissions of time-like shower evolutions. In particular, this does not
include initial-final state antennas. PYTHIA was written when theoretical results
pertaining to coherence were available only for the time-like shower evolution, ana

does not implement the more complicated angular ordering of the space-like shower
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evolution. This approximation is appropriate for describing e* e results, or for study-
ing W/Z events in pp collisions, where there is no interference between initial and
final state.

Since we intend to concentrate on initial-final state color interference effects, we
also use a new version of PYTHIA, expressly provided by the author T. Sjéstrand.
which implements the phase space constraints for the initial-final state antennas [21]
as well. This version will be called PYTHIA+ 2.

PYTHIA has a feature that allows one to switch on and off the simulation of
color coherence, without altering any other feature of the event generation. We

have generated a sample of PYTHIA events with no simulation of color coherence

1 STalISLICS W e least U AINE. U : mples,

2These modifications are now implemented in the latest version of PYTHIA, 5.7

—
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magnetic field is simulated.

We have generated 230000 events for each sample, corresponding to the integrated
luminosities listed in Table 1. This table also lists the number of events in the samples
after the different selection cuts.

We make use of the Monte Carlo samples to understand how the color coherence
reveals itself in the spatial distribution of the third-E7 jet. Fig. 7 shows a comparison
between the samples of PYTHIA+ and PYTHIA-of f. The distributions of the vari-
ables 73, R, and « of one sample are superimposed, on an absolute scale, to those of the
other sample. The distributions are normalized to the same integrated luminosity.
The ideal calorimeter simulation is used in order to obtain a comparison indepen-
dent of the CDF detector details. Since the only difference between PYTHIA+ and
PYTHIA-of f is in the simulation of the color coherence, Fig 7 illustratés that the
interference depletes selected regions of the distributions. The depletion is, of course,
a direct consequence of the radiation suppression outside the restriction cones. The
total probability for generating a third jet becomes smaller, as can also be seen from
Table 1.

In order to bypass the problem of large cross section uncertainties in the compar-
ison between data and Monte Carlos, in what follows all the distributions represent
probabilities normalized to unit area; i.e., only the shapes of the distributions are
compared. Fig. 8 compares the distribution shapes of the same variables 73, R, and
« for several Monte Carlo samples. PYTHIA and PYTHIA-of f do not show a sig-
nificant difference. This means that the degree of color coherence implemented in the
PYTHIA sample is not enough to exhibit an effect on the examined distributions.

On the contrary, HERWIG and PYTHIA+ agree each other but show a substantial

12



difference from PYTHIA-of f. This suggests the possibility of recognizing color co-
herence effects in the data by comparing the measured distributions of 753, R. and o

to those predicted by different Monte Carlos

IV. COLOR COHERENCE IN THE DATA
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comparison between the transverse energy distributions
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In direct contrast, the distributions of variables sensitive to interference exhibit

differences between the different Monte Carlos. Fig. 11 shows the third jet pseudora-

pidity (n3) distributions for HERWIG (a), ISAJET (b), PYTHIA (c), and PYTHIA+
(d), superimposed on the data. The distributions of HERWIG and PYTHIA+ agree

better with the data than those of ISAJET and PYTHIA, which are narrower and



Lave a clear excess of events at small 7.

Figs. 12 and 13 show similar comparisons for the variables R and « defined in
Sec. II. Again, HERWIG (a) and PYTHIA+ (d) reproduce the data better than
ISAJET (b) and PYTHIA (c¢). The coherence effect in Fig. 13 is observable as a
change of the slope sign for @« — 7/2. This change is present in the data, HERWIG
and PYTHIA+ distributions. The ISAJET and PYTHIA distributions. instead, are
monotonically decreasing from o = —7/2 to a = 7/2 and show a clear excess of
events at small |a| values. What we observe is consistent with the expectations of
Sec. [ where the region near o = 7/2 is predicted to be the only one not depleted by
destructive interference (see also Fig. 7c in Sec. III B). A representative comparison
of the data and theory is obtained using the quantity (Monte Carlo)/DATA (Fig. 14).
The a distribution shown in Fig. 13 for each Monte Carlo is divided bin by bin by the
data distribution, also shown in Fig. 13. Again the Monte Carlos that do not take
into account initial-final state interference (Fig. 14b,c) show a clear excess of events
in the regions expected to be more depleted by color coherence. However, it should
be noted that residual differences remain with the data, even in the case of HERWIG
and PYTHIA+. For brevity, we will use the term “interference patterns” to refer to
the shapes of the data distributions in Figs. 11, 12, and 13.

Since color coherence is approximated to different degrees in the four shower Monte

Carlos considered, we can draw the following conclusions:
b

1. The variables R, n3 and « discriminate between the Monte Carlos (see Figs. 11,

12, and 13).

2. The color coherence is responsible for the differences between the predictions. In

fact, the agreement with the data improves as higher degrees of color coherence
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are implemented. Moreover, these variatious are in accord with the description
of Sec. II. The 73 distribution and, accordingly, the R distribution become wider.

The « distribution shows the effect of the a-dependent suppression.

3. The interference patterns exhibit the color coherence in the data. The effect
survives the non-perturbative phase of the hadronization as well as the smearing

due to the underlying event.

V. CONCLUSIONS

We have presented in this paper direct evidence for color coherence phenomena
in pp collisions. The result has been obtained by studying kinematical correlations
between the second- and the third- most energetic jets in multijet events. We have
compared our data with several shower Monte Carlo calculations that implement, with
differing levels of accuracy, the quantum coherence in the gluon radiation process.
The comparison of the shape of third jet distributions has allowed us to single out
the interference between initial and final state gluon emission from color connected
partons as the origin of the observed correlations. We have verified that HERWIG
and a modified version of the PYTHIA Monte Carlo (now implemented in version
5.7) reproduce the data better than ISAJET and PYTHIA version 5.6. This confirms
complementary findings from e*e~physics supporting the theoretical result that color
coherence phenomena can be included in a shower Monte Carlo despite their quantum
nature. It is expected that future quantitative studies, extending this ahalysis for
example to different jet energy ranges or to different event samples, will provide
additional tests of QCD color coherence and will result in further improvements iﬁ

the theoretical models. Investigations should focus on the residual disagreements
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remaining between the data and the predictions of the Monte C'arlos implementing
color coherence.

Given the relevance of the first emission in determining the third jet direction
[20] we expect the parton level calculations [22] based on next-to-leading order QUD
matrix elements [23] to be able to describe our measurements. As soon as the relevant
calculations are available, it will be interesting to compare the distributions studied

in this work with NLO predictions.
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Data | HERWIG | I[SAJET | PYTHIA-of f | PYTHIA+ ‘ PYTHIA
Luminosity (pb™1) | 4.2 5.5 5.9 5.8 5.8 5.8 |
After cuts 1,2,3,4 | 13983 15706 16145 15143 14540 16181
After cut 5 10649 11004 12261 10565 9085 11988
After cut 6 8201 8474 9444 3382 6940 9411

Table 1: The number of events in the data and the simulated samples. Each simulated

sample originally contained 280000 events. See text for definition of the cuts.

Figure Captions.

Fig. 1: Sketch of a ete™ — 3 — jet event. a) Partons exiting from the primary
vertex. Soft radiation, represented by shadowing, is suppressed in the region between
the two quarks relative to the other regions. b) Color flow for the same event. The

color lines can be identified as directional antennas.

Fig. 2: Angular ordering. a) Feynman diagram of a final state shower. b) Color
flow in the shower. c¢) Partons exiting from the primary vertex. The emitted radia-
tion is constrained around the 'emitting parton, within a cone defined by the color-
connected partner. A similar cone (not shown) confines radiation emitted by the

partner.

Fig. 3: Phase space constraints for the first gluon emission in a ¢g annihilation.
a) Feynman diagram of the hard scattering. b) Color lines flow from the initial to
the final state, ¢ and ¢’ are color partners. c) Restriction cones for ¢ and ¢’. Similar

cones can be drawn for § and 7.



Fig. 4. Spatial distribution of radiation for the 2 — 2 scattering of Fig. 3. a)
Radiation from the emitting antenna is maximum in the overlap region (. Soft emis-
sions from the antenna are forbidden outside the restriction cones A and B. b) Cross

section of picture a).

Fig. 5: The observed spatial distribution of the third jet around the second jet.
Each point represents the position of a third-E7 jet. The second Jet axis corresponds
to the origin. The circular region around the second jet is forbidden to other jets by

the clustering algorithm. The limit |[AH| < 4 is due to the calorimeter acceptance,

Fig. 6: The restriction cones of Fig. 4 as seen in the (a, R) space. The upper curved
boundary corresponds to the limit |A¢| < 7. The clustering algorithm prevents the
Jet axes from falling in the rectangular region R < 0.7. The boundaries between

regions A, B, and C correspond to the case 6, = 8§5°.

Fig. 7 PYTHIA-of f compared to PYTHIA+ on an absolute scale: (a) n3

distribution; (b) R distribution; (c) « distribution.

Fig. 8: Comparisons between different Monte Carlo samples for the variables 1
(1), B (2), and « (3): (a) PYTHIA-of f compared to PYTHIA; (b) PYTHIA-of f
compared to HERWIG; (c) PYTHIA+ compared to HERWIG.

Fig. 9: Observed Er, distribution compared to the predictions of: (a) HERWIG;
(b) ISAJET; (c) PYTHIA; (d) PYTHIA+.

Fig. 10: Observed Er; distribution compared to the predictions of: (a) HERWIG;

(b) ISAJET; (c) PYTHIA; (d) PYTHIA+.



Fig. I1: Observed 1; distribution compared to the predictions of: (a) HERWIG:

(b) ISAJET; (c) PYTHIA; (d) PYTHIA+.

Fig. 12: Observed R distribution compared to the predictions of: (a) HERWIG:

(b) ISAJET: (¢) PYTHIA; (d) PYTHIA+.

Fig. 13: Observed a distribution compared to the predictions of: (a) HERWIG:

(b) ISAJET; (c) PYTHIA; (d) PYTHIA+.

Fig. 14: Bin by bin ratio (Monte Carlo/DATA) of the (a) HERWIG, (b) ISAJET,
(c) PYTHIA, (d) PYTHIA+ « distributions of Fig.13 over the data o distribution

also shown in the same figure.
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